To improve the aqueous solubility of anti-methicillin-resistant Staphylococcus aureus cephalosporin RWJ-333441 for parenteral administration, acyl derivatives of the C-3 primary amino group were prepared and evaluated for solubility, cleavage in serum in vitro, and conversion to RWJ-333441 in vivo. Improved solubility at physiologic pH values and release of RWJ-333441 in vitro and in vivo were observed for several prodrugs, including the aspartate derivative RWJ-333442.
The need for new agents with which to treat nosocomial infections due to multiply resistant gram-positive bacteria, particularly methicillin-resistant staphylococci, continues to be urgent. Our previous reports have described the discovery (6) and in vitro activity (3) of RWJ-54428 (MC-02,479), a new cephalosporin expected to have utility in this setting. Further discovery efforts have identified RWJ-333441 ( Fig. 1, RϭH) , which has a similar antimicrobial profile and improved pharmacokinetics (4) . Its aqueous solubility (4.5 mg/ml), while quite good for a zwitterionic cephalosporin, is lower than desired for intravenous administration. Therefore, a strategy of prodrug derivatization was employed, as has been utilized by others to solubilize cephalosporins for intravenous administration (5) .
The primary amine of the aminoethylthio appendage was identified as an attractive site for such modification, since (i) certain acyl derivatives would be expected to be cleaved in vivo by peptidases and (ii) such acylation removes a charged functional group and therefore offers the opportunity to change the overall charge state of the molecule. Several potential prodrugs were synthesized and evaluated with respect to solubility, in vitro cleavage in serum, and pharmacokinetics in rats and rhesus macaques.
(This material was previously presented in part [S. J. Hecker, T. Calkins, M. E. Price, K. Huie, S. Chen, T. W. Glinka, and M. N. Dudley, 40th Intersci. Conf. Antimicrob. Agents Chemother., Toronto, Ontario, Canada, abstr. 1076, 2000].)
Determination of solubility versus pH. The compound (as zwitterion or methanesulfonate salt) was suspended in water, and the pH was adjusted with either a dilute aqueous sodium hydroxide solution or dilute aqueous methanesulfonic acid. The suspension was shaken at room temperature for 15 min, and a portion was removed and centrifuged at 14,000 rpm in an Eppendorf microcentrifuge for 1.5 min at room temperature. An aliquot of the clear supernatant was removed and diluted to a concentration within the range of a five-point standard curve. The pH of the supernatant was measured with a micro pH probe. HPLC quantitation was performed on a HewlettPackard HP1090 high-performance liquid chromatography (HPLC) apparatus with Chemstation software. Gradient elution was performed with an ammonium acetate buffer-acetonitrile mobile phase on a Phenomenex Luna C 18 column with UV detection at 254 nm with a diode array detector.
Measurement of rate of RWJ-333441 and prodrug degradation by human serum, rat serum, and rhesus plasma. Fresh control human serum, fresh control rat serum, and rhesus monkey plasma (heparinized and stored frozen) were preincubated at 37°C for 15 min in a shaking water bath. The pH was measured with test strips. Twenty-five microliters of a 2-mg/ml aqueous solution of RWJ-333441 or its prodrug was added to each matrix to achieve a total volume of 1,000 l. Solutions were incubated at 37°C. One hundred microliters of each solution was removed at 0, 15, 30, and 60 min after initiation of incubation; 200 l of 4% trichloroacetic acid was added, and after vortexing, the mixture was centrifuged for 10 min at 14,000 rpm in an Eppendorf microcentrifuge. Twenty-five microliters of each supernatant was injected onto the HPLC column. The experiment was repeated with 25 l of RWJ-333441 or its prodrug at 0.2 mg/ml. RWJ-333441 formation from prodrugs was measured as the percentage of the RWJ-333441 HPLC peak area at a time t relative to the theoretical peak area of the equivalent amount of RWJ-333441. The data reported were not adjusted for RWJ-333441 degradation under the assay conditions, which occurs to an extent of ϳ5%. HPLC quantitation was performed with a Beckman Ultrasphere C 18 column (5 m, 4.6 mm by 25 cm) at a flow rate of 1 ml/min, with gradient elution beginning with a mobile phase of 95% 0.1 M ammonium acetate (pH 6)-5% acetonitrile ramping to 75% buffer/organic over 20 min. The UV detection wavelengths were 254 and 280 nm.
Pharmacokinetic evaluation. Pharmacokinetic studies with rats were done with double-catheterized male CD rats (femoral venous catheter for dosing and jugular venous catheter for sampling). The compounds were administered as 20-min intravenous infusions (approximately 15-mg/kg RWJ-333441 equivalent doses). Serum samples were collected for at least 2 h after dosing. For pharmacokinetic studies with male and female rhesus macaques, the compounds were administered as 30-min intravenous infusions (3-to 8-mg/kg RWJ-333441 equivalent doses). Serum samples were collected up to 8 h after dosing. The parent and prodrug concentrations in serum samples were quantified with the HPLC methods described above for the serum degradation experiments. The lower limit of quantitation was generally 0.5 mg/liter. After administration of RWJ-333441, the serum concentration data were analyzed with a two-compartment model with zero-order input and firstorder elimination from the central compartment (WinNonlin, Pharsight Corp., Mountain View, Calif.). For calculation of RWJ-333441 pharmacokinetic parameters following administration of prodrugs, the prodrug dose was converted to an RWJ-333441 equivalent dose. Noncompartmental pharmacokinetic analysis of RWJ-333441 concentrations in serum was performed with WinNonlin.
Synthesis. The preparation of prodrug derivatives is exemplified in Fig. 2 with the synthesis of the aspartyl derivative RWJ-333442 (MC-04,699). Removal of the BOC protecting groups of disulfide 1 (4) and salt exchange produce diamine 2 as the tetrahydrochloride salt. Compound 2 is acylated with Fig. 1 , and the pH-versus-solubility profiles of some representative prodrugs are illustrated in Fig. 3 . The maximum solubilities of all of the prodrug derivatives in the optimal pH range for intravenous administration (pH 4 to 7) are shown in Table  1 . RWJ-333441 is very soluble at a low pH (because of protonation of the pyridine nitrogen), whereas the zwitterionic form displays a solubility of 4.5 mg/ml. The shapes of the curves for those derivatives in which the amino acid R group is uncharged are all similar to that of RWJ-333441. Within this set, the type of R group has little effect on the solubility of the zwitterionic form, whether more lipophilic (valine, 6.7 mg/ml), more polar (serine, 7.8 mg/ml), or N substituted (N-methylalanine, 10. In vitro formation (%) of RWJ-333441 in serum from a :
RWJ-333441 AUC (mg ⅐ h/liter) upon prodrug administration (mean % bioavailability) mg/ml). A notable exception is the alanyl-alanine prodrug (18.1 mg/ml), whose superior solubility has a precedent in the corresponding parenteral prodrug (alatrofloxacin) of the fluoroquinolone antibacterial trovafloxacin (2) . The solubility curve of the L-aspartyl derivative has a very different shape because of an additional ionizable group, with a solubility of Ͼ50 mg/ml at pH Ͼ4.5. Three amino acid derivatives containing an additional positively charged group (lysine, ornithine, and histidine) and a daloxate prodrug (Fig. 1 ) display a solubility of Ͼ20 mg/ml over a pH range of 3 to 7. Prodrug cleavage in vitro. Formation of parent drug RWJ-333441 from various prodrugs in vitro in rat, rhesus macaque, and human sera (37°C, 1 h.) is shown in Table 1 . The alanine derivative appeared to be a particularly good substrate for peptidases in human serum; of the prodrugs based on amino acids, the alanine (83% formation of RWJ-333441 in 1 h) and alanyl-alanine (84%) derivatives were cleaved most completely. An intermediate extent of formation of RWJ-333441 was observed with the aspartate (23%) and lysine (27%) prodrugs; all other amino acid derivatives were cleaved to a lesser extent. The daloxate derivative, which is cleaved by serum esterases (1) , is converted rapidly and quantitatively to the parent drug. No significant difference between species in the extent of cleavage was observed.
RWJ-333441 formation in vivo. Prodrugs selected on the basis of solubility and serum cleavage data were administered to rats and rhesus macaques for assessment of conversion to the parent drug RWJ-333441 (Table 1) . Of the prodrugs evaluated, the highest conversion to RWJ-333441 was observed with the aspartate (RWJ-333442), alanyl-alanine (RWJ-333443), and daloxate prodrugs. It is interesting that some prodrugs displaying slow conversion in vitro showed moderate conversion to the parent compound in vivo (ornithine, glycine, histidine, serine); this may be due to peptidase activity in tissues as opposed to serum.
A prodrug strategy has been successfully used to improve the solubility of RWJ-333441 for intravenous administration. On the basis of criteria of aqueous solubility, cleavage in vitro in serum, and conversion to the parent drug in vivo, the most promising prodrugs are the aspartate (RWJ-333442), alanylalanine (RWJ-333443), and daloxate derivatives. Further evaluation of prodrug derivatives of RWJ-333441 will be described in a future report.
